A novel compact dual-polarized antenna is proposed. The antenna has a 1.43% impedance bandwidth which is from 1801 MHz to 1827 MHz for return loss larger than 10 dB. The isolation between the two ports is above 28 dB in the bandwidth, and the gain is 6.6 dBi. The proposed antenna not only consists of a full-planar structure, but also is easy to be fabricated for its simple structure. Additionally, a section of slots and slits is cut on the radiation patch to reduce the area of it to 54% compared with the conventional square patch.
Introduction
Recently in modern wireless communication systems and mobile communications base stations, dual-polarized antennas are widely used to achieve polarization diversity, which can increase the capacity and reduce the installation costs. This is because the use of a dual-polarized antenna can reduce multipath fading and double the utilization rate of the frequency spectrum [1, 2] .
Dual-polarized antennas with various kinds of structure are designed in the past decades of years. Roughly, the dual-polarized antennas can be divided into two categories: crossed dipole antennas and patch antennas. The crossed dipole antennas have different feeding structures, including C-shape [3] , dielectric loading [4] , differently driven [5] , and shorting metal posts [6] . These feeding structures have been used for high isolation between the two ports. These dualpolarized crossed dipole antenna designs have accomplished bandwidth improvement, radiation pattern control, and so on, while none of these crossed dipole antennas has a fullplanar configuration.
The dual-polarized patch antennas normally have a multilayer structure which may include coupling slots and Lshaped probe [7] or meandering probe [8] , or a feeding network [9, 10] proposing a dual-polarized microstrip patch antenna fed through H-shaped coupling slots, which can achieve high isolation and low cross-polarization. A simple dual-polarized antenna achieved by using proximity-coupled feedings was presented in [11] ; the antenna achieves the bandwidth of 17% and an isolation of below 30 dB, but the frequency range from 3.07 GHz to 3.81 GHz is not suitable for mobile communications. A compact dual-polarized wideband patch antenna array for the unlicensed 60 GHz band is designed in [12] . It provides a wide bandwidth for wireless high data rate communication systems while its fabrication process is very complex. Obviously these dual-polarized patch antennas with a multilayer structure have a complicated configuration. To improve those, a full-planar dual-polarized patch antenna with a simple configuration is proposed in this paper.
Good properties, such as high isolation and low crosspolarization levels, are necessary in a dual-polarized antenna, while the sizes are expected to be smaller by the public. Reference [13] proposes a double-polarization base station antenna; the antenna consists of two broadband base station antenna units, which make it has a large size. To reduce the area of the patch antenna, many methods have been used. Among them the most common one is to cut slots on the patch. Reference [14] proposes a single-feed circularly polarize patch antenna; the antenna uses U-slot loaded patch technique to effectively reduce the resonant frequency. In [15] , there are two mirror imaged slots placed at the back of each 2 International Journal of Antennas and Propagation radiating element in ground plane for reducing operating frequency while maintaining the patch size. In [16] , a novel single-feed circularly polarized microstrip antenna is proposed which uses a cross slot in the center of the patch and four slits on the edge to reach compact size. Besides using slots, some other technologies also had been taken. In [17, 18] , the proposed antennas used substrates with large thickness and L-probe feeding structures were used to reach the impedance matching.
In this paper, we propose a full-planar dual-polarized antenna with a simple and more compact configuration operating at global system for mobile communication (GSM) frequency 1.8 GHz. The antenna consists of a single-layer structure and two coaxial probe feeds. It will be shown that this antenna has a 1.43% impedance bandwidth and has good isolation between two feeding ports. Additionally, the area of the patch is effectively reduced by using a section of slots and slits.
Antenna Design
This section describes the design of the dual-polarized antenna. The antenna is initially designed using heuristics and then the design is created by a commercial, electromagnetic field software HFSS. The profits of the proposed antenna can be optimized by adjusting the sizes of the structure.
The length of the typical microstrip patch antenna can be calculated by the following equation, where is the guide wavelength on the substrate:
So, for the antenna without any slits or slots which works at 1.8 GHz, the length of the patch is about 39 mm.
A set of slots and slits are cut on the radiation patch to reduce its area [19] . With the slots and slits, the length of the current streamlines of the fundamental mode is increased, which can lower the resonant frequency. In another sense, the antenna proposed can use patch with smaller area to get the same resonant frequency. In the abstract, the quantity and sizes of the slots and slits determine the dimensions of the patch. Figure 1 shows the geometry of the proposed dualpolarized antenna. The proposed antenna is printed on a 60 × 60 mm 2 FR4 substrate which has a thickness of 1.6 mm; relative permittivity = 4.4 and dielectric loss tangent tan = 0.02. A slotted square patch fed by two probes is on the front side of the substrate. On the back of the substrate is the ground plane with the same sizes as the surface of the substrate. The inner core of the coaxial cable is 1.2 mm in diameter while the outer core is 3 mm in order to achieve 50 Ω characteristic impedance. The two feeding ports are on two mutually perpendicular axes and have the same length to the center of the patch.
After careful simulation by the software HFSS, a resonant frequency of 1.8 GHz is obtained. The finally chosen dimensions of the proposed antenna are as follows: 1 = 11 mm, 2 = 7 mm, 3 = 7.95 mm, and 4 = 8 mm. The width of all of the slots and slits is 1 mm. After simulation, with four Lshaped slots in the center and eight slits on the edges, the edge length is reduced to 28.5 mm, which makes the area of the patch reduced to 54% compared with the conventional square patch.
The position of the ports, which is determined by the parameter , influences impedance matching to a large extent. The parameter is carefully picked in simulation and set to 5.3 mm.
Simulation and Measurement
The dimensions of the slots influence the resonant frequency a lot. Figure 2 shows 11 and 21 with different values of 4 . From the figure it is suggested that with increase of the length of the slots, the resonant frequencies of both 11 and 21 decrease. However, the slots cannot be too long. When 4 is increased to 8.5 mm, the isolation between two ports becomes International Journal of Antennas and Propagation weak and the return loss decreases a lot. At last, this parameter is selected as 8 mm.
After careful simulation, the final dimensions of the proposed antenna are confirmed. A comparison of the proposed one is made with the typical microstrip patch antenna without any slots, as shown in Figure 3 .
The isolation of the typical antenna as reference is above 32 dB over the working bandwidth. While the proposed one is above 34 dB, which is slightly higher than the typical one.
The photograph of the fabricated proposed antenna is shown in Figure 4 . Figure 5 shows the simulated and measured return loss of the proposed antenna. As it is shown, the simulated antenna has a 1.5% impedance bandwidth which is 27 MHz from 1784 MHz to 1811 MHz for return loss larger than 10 dB. The simulated curves of 11 and 22 almost overlap because of the symmetrical structure of the antenna. The center frequency is 1800 MHz where the top return loss is 23.6 dB. For the fabricated proposed antenna, the measured bandwidth is 26 MHz from 1801 MHz to 1827 MHz, and the top return loss at the center frequency 1814 MHz is 18.6 dB, which is smaller than the simulated result. The isolation of the proposed antenna is illustrated in Figure 6 . It shows that the simulated isolation is 38.6 dB at the center frequency 1800 MHz and is above 34 dB in the whole 10 dB impedance bandwidth. As measured, the isolation of the fabricated antenna is 31 dB at the center frequency 1814 MHz and is above 28 dB in the impedance bandwidth, which meets the design requirements. As for the difference between the measured and simulated center frequency, there are some reasons as follows: the actual permittivity of the substrate FR4 often ranges from 4.2 to 4.6, whereas 4.4 is just selected to simulate. The fabrication process may also make some differences, which makes the results different between the simulated one and the measured. Besides, the welding technology of the coaxial cable may also bring some errors.
It is observed from Figures 7 and 8 that the simulated radiation patterns of port 1 are the same as the ones of port 2 for the symmetrical structure of the antenna. But there are some differences in the measured results because of the deviations in fabrication and measure. Figures 7 and  8 are the simulated and measured principle polarization (ppolarization) and cross-polarization (x-polarization) patterns in case of being fed by port 1 and port 2. As it is shown, the differences between measured patterns and those simulated are not much except a part of the x-polarization patterns has large deviations, which is due to the fact that the values are too small for the precision of measuring equipment to satisfy the demand. In the mass, the gain of x-polarization is 20 dB lower than that of p-polarization, which meets the requirement of dual-polarization design. The gain of the antenna is 6.6 dBi.
The current distribution on the patch surface is displayed in Figure 9 . From the figure it can be seen that the currents are mainly distributed around the edge of the slots and slits and at the corner of the patch the currents are weak. It indicates that the surface current path is effectively lengthened by the slots and slits.
Conclusion
A novel slotted dual-polarized planar antenna is presented in this paper. This antenna is fed by two mutually perpendicular ports and operates around 1.8 GHz. A set of slots are used to reduce the area of the radiation patch. The measured results suggest that the proposed antenna has a 26 MHz bandwidth, in which the return loss is larger than 10 dB and the isolation is above 28 dB, and a maximum gain of 6.6 dBi.
